Abstract-Theoretical predictions were made for the dynamic performance of a tangential flux magnetic thrust bearing. A prototype bearing was built with the stators and rotors made from tape wound strip. The performance of this bearing was measured and compared to the theoretical predictions and also to the performance of a radial flux thrust bearing. Tangential flux bearings are intrinsically amenable to construction from tape wound cores. Tape wound cores come in high saturation alloys like supermenduer which can give the bearing a high force to size ratio. The thin tape laminates give the bearing a broad frequency bandwidth. By comparison it is shown that it is difficult to make a laminated rotor magnetically efficient for radial flux bearings. A test rig is described that was built to measure the performance of the tangential flux bearing. A power amplifier with current feedback provided dc and harmonic current to the coils. A load cell was built into the test rig to measure the axial thrust, an inductive/hall sensor was included to measure the coil current, and a hall probe to measure the gap flux.
I. INTRODUCTION

M
OST MAGNETIC thrust bearings are the radial flux path type. This bearing has an annular electromagnet stator which attracts a disk on the rotor [1] . The magnetic flux travels in the radial direction as it circles the electromagnet coil. A laminated rotor increases this type of bearing's magnetic path dc reluctance so the rotor is usually a solid disk. Thus the main draw back of this type of bearing is its low frequency response caused by induced eddy currents.
The tangential flux path type of thrust bearing described in this paper has an even number of coils through which the flux travels tangential to the bearing circumference. This is similar to, but different than the type of tangential flux thrust bearing that uses separate C cores [2] , [3] . The flux travels tangential to the laminations when the rotor and stator are made from circular tape wound strip. The laminations reduce eddy currents and give this type of bearing a high frequency response. The major disadvantage of this type of bearing is its low rotor revolution speed that is limited by the strength of the rotating tape wound disk.
II. TANGENTIAL FLUX THRUST BEARING
A tangential flux thrust bearing has a toroid thrust runner disk with a stator on each side. The stators are also toroids, but with slots cut to form poles and give space for the coil windings. Fig. 1 shows the geometry of the assembly.
Both the runner and stator toroids can be made from tapewound strip. The strips are adhesively bonded together to make the toroids solid laminated cores.
As shown by the flux arrows and coil current direction arrows on Fig. 2 , the polarity of the coils is important to obtain the correct magnetic flux paths. The flux that exits one stator pole reenters the stator through the two adjacent poles. The path that connects the stator poles is in the rotor. The rotor cross section area must equal the pole cross section area. A bearing with a four pole bearing will require a runner that is twice as thick as a bearing with an eight pole stator.
The polarity of the poles in the top and bottom stator is arranged so that the flux from the top stator repels the flux from The control current is simultaneously added to the coils in the top stator as it is subtracted from the coils in the bottom stator. The magnetic force between the stator and the rotor is given by (1) [4] . The force is directly proportional to the control current (1) The analytical method reported by Kucera and Ahrens [5] and advanced by Meeker, Maslen, and Noh [6] was one method used to study the time harmonic frequency response of the magnetic flux. It is based on an equation that predicts the decrease in magnitude and phase of the permeability for an increase in the frequency of the magnetic flux. The form derived theoretically from Maxwell's equations is given by (2) [7] . The method presented here is an alternative approach to modeling the magnetic control force with a first order time lag as presented by Fukata, Kouya, et al. [8] ( 2) where (3) The frequency dependent permeability is used in the calculation of the magnetic circuit path reluctance. Fig. 3 shows the fundamental magnetic circuit for two coils. This circuit flux path goes through two poles, two air gaps and the rotor. In a bearing with a four pole stator, there are four identical circuits of this type per stator. The reluctance of the stator and rotor sections increases with frequency according to (4) since the permeability decreases with frequency. The magnetic flux through the loop, is given by (5) . The control force is directly proportional to the control flux, as in (1), so increasing the frequency decreases the force (4) (5) Meeker, Maslen, and Noh showed that the hyperbolic tangent function in (2) can be replaced by a series and so the reluctance of any element in the circuit can also. The first three terms in the series are given for example in (6) . As the thickness decreases, the resistance terms, calculated in (8), increases. Thus thin laminates do not see a decrease in permeability until high frequencies are reached where (7) (8) Any needed number of terms can be added to (6) using a program loop in the Matlab [9] symbolic toolbox and then the series can be converted to an expression with a single numerator and denominator like (9) (9) As the needed number of terms in (6) is increased, the frequency range over which the linear approximation is accurate is increased. This can be seen in Fig. 4 which shows the reciprocal of the reluctance of the laminated path for the four, ten, and twenty term approximations.
To obtain the frequency response of the flux, the reluctance of the two air gaps must be added to the frequency dependent laminated path reluctance. The inverse of this total reluctance has the frequency response of the flux, as given by (5). This is directly related to the frequency response of the bearing force.
The frequency response shown in Fig. 4 is what was predicted for the tape wound sections in our prototype tangantial flux bearing. It had four poles, a thrust runner I.D. of 5.08 cm (2.00 in), an O.D. of 12.98 cm (5.109 in), and thickness of 3.302 cm (1.300 in). The area of each of the poles was 111.4 cm (17.26 in ). Each coil had 80 turns. Both the runner and the stators were tape wound cores of 50 micron (2 mil) thick non grain oriented six percent silicon iron. The conductivity and relative permeability used for the silicon iron were ohm m and 5000. The surfaces of the rotor and the pole surfaces were ground smooth to insure an even .43 mm (.017 in) gap under all the poles. After grinding the surfaces were etched to prevent interlaminate shorting. A photograph of the bearing in our test rig is shown in Fig. 5 . Cross section views of the bearing in the test rig are shown through the poles and through the coils in Fig. 6 .
The thrust runner is clamped between two plates to the shaft which is supported by linear bearings. The shaft axial motion is restrained by connection to a load cell at the bottom of the test rig. Low frequency force measurements can be made with this set up, but high frequency measurements not only measure the magnet force on the runner, but also the inertial force. Therefor high frequency measurements were limited to flux density readings in the gap. Shims were pushed in the top and bottom gaps to maintain the .43 mm (.017 in) distance during the high frequency testing. Since the force is known to be directly dependent on the flux density, this provided an indirect measurement of the force at high frequencies.
For completeness a three dimensional linear time harmonic finite element analysis was made on a model of a single laminate in the tape wound rotor and stator. It employed the symmetry of the four pole stator as shown in Fig. 7 to improve calculation efficiency. Just a single laminate was modeled in order to account for the thickness effect on the eddy currents.
The comparison of the gap flux magnitude versus frequency as determined by the circuit model, the finite element model and the test rig measurements is shown in Fig. 8 . The circuit model and finite element model predictions are in good agreement up to the three decibel cutoff frequency of the bearing.
The flat bandwidth of the power electronics controlling the coil current in our test rig was limited to 2000 Hz, which is the reason the experimental data only goes up to this frequency. The power amplifier had a switching frequency of 22 kHz, which is one reason for the limited bandwidth of the power electronics. Another is that the inductance of each coil in the bearing was 4.18 mH and to produce 0.1 T in the air gap required 1.2 A per coil at 0 Hz. As (10) indicates, a supply of over 63 000 volts would be required to maintain this current at the predicted 3 dB frequency of nearly 2 MHz (10) This is why we found it necessary to use the theoretical predictions as well as measurements to characterize the performance of the tangential flux thrust bearing. 
III. RADIAL FLUX THRUST BEARING
A radial flux thrust bearing has a coil tangent to the rotor circumference. This coil lies in a slot in the stator. The walls of the stator slot may be made from circular tape wound laminations. The bottom of the slot can be a stack of flat laminates. Fig. 9 shows a two dimensional axisymmetric finite element model of the radial flux thrust bearing on which measurements were made for this study.
If the rotor is made from a flat stack of laminates the flux path enters the rotor normal to the stack. The rotor is usually made of a solid unlaminated disk partly because the anisotropic permeability of laminated structures requires they be oriented so that the flux path is tangent to the laminations. This was shown by Barton [10] by (11) and (12) (11) (12) Fig. 10 . Dependence of relative permeability on stacking factor. These equations give the dependence of the relative permeability normal and tangential to the stack as a function of the stacking factor. This dependence is plotted in Fig. 10 . We made measurements on two stacks of rotor laminates made from 17. In a radial flux thrust bearing the eddy currents naturally travel tangential to the circumference [11] . They also travel tangential to the laminations in a stacked rotor. Thus the laminations are ineffective. By contrast the eddy currents would try to flow normal to the tape wound laminates in the tangential flux thrust bearing. This is true for both the time-varying flux induced eddy currents and the velocity induced eddy currents, since the laminations are tangent to both the flux and the velocity in the tangential flux thrust bearing.
The magnetic circuit for the radial flux thrust bearing is shown in Fig. 11 . It is identical to the fundamental circuit in the tangential flux thrust bearing. The radial bearing has one of these circuits for each annular coil in each stator. The flux in the loop is given by (14) which is identical to (5) (14)
The electrically conducting stator section and rotor section will both have a reluctance that increases with frequency because of the eddy currents induced. The effect will be important at a lower frequency in the unlaminated rotor if the stator path is laminated.
Measurements of the flux density in the air gap were made on the bearing for which the finite element model was shown in Fig. 9 . The runner inner diameter was 39 mm (1.520 in) and the outer diameter was 66 mm (2.6 in). This radial flux bearing was a little unusual in that the flux path cross section of the outer radius gap was 7.2 times smaller than the cross section of the inner radius gap. Both air gaps were 0.66 mm (0.026 in). The stator and rotor were both unlaminated 430 F stainless steel which has low conductivity, and relative permeability, 400, to prevent a very low actuator bandwidth. The magnitude of the flux in gap versus frequency as determined by the three methods is shown in Fig. 12 . Both the finite element model prediction and the linearized circuit model prediction are close to the experimental measurements for frequencies below the three dB cutoff.
IV. CONCLUSIONS
The geometry of tangential flux thrust bearings is such that the flux path is tangential to the laminations of a rotor and stator made from tape wound cores. This is more difficult to accomplish in radial flux thrust bearings. The bandwidth of tangential flux thrust bearings made from tape wound cores is much than it is for solid radial flux thrust bearings.
The frequency dependent circuit method can predict the dynamic response of these bearings. This was shown by comparison of theoretical circuit model results, finite element model results and measurement. Good agreement was found for the laminated tangential flux thrust bearing and the solid radial flux thrust bearing.
